Introduction 46
Inter-annual variability in atmospheric concentrations of CO 2 is large (Le Quéré et 47 al., 2014) , and much of this variability is driven by fluctuations in the source/sink strength 48 of terrestrial ecosystems (Cox et al., 2013) . During the latter half of the twentieth century, 49 global net primary productivity (NPP) may have increased (Nemani et al., 2003) , resulting 50 in a potential increase in uptake of 0.05 Pg C per year (Ballantyne et al., 2012) . Then, 51 global NPP was reduced by 0.55 Pg C during the period 2000-2009, a result ascribed to 52 large-scale drought in the southern hemisphere (Zhao and Running, 2010) . Thereafter, Le 53 Quéré et al. (2014) identified the 2011 land sink anomaly, which was a year of exceptional 54 productivity, and Poulter et al. (2014) confirmed this anomaly by using a combination of 55 modelling and remote sensing approaches. This land sink anomaly was driven by growth 56 in semiarid vegetation of the southern hemisphere, with almost 60% occurring in Australia 57 (Poulter et al., 2014) . Importantly, Fasullo et al. (2013) showed that Australia, unlike 58 continental South and North America, maintained a positive water mass anomaly (i.e., the 59 extra water received in 2011 remained detectable throughout 2012), suggesting that 60 increased C uptake may have persisted beyond 2011 in arid Australia. Carry-over of water 61 from one hydrologic year to the next has been shown to have strong positive effects on 62 productivity in many arid ecosystems (Flanagan and Adkinson, 2011) . We have 63 previously shown, using field observations of landscape fluxes of CO 2 , that one of the 64 dominant ecosystems of semiarid central Australia was indeed a large sink for C over 65 almost all of the 12 months between October 2010 and October 2011 (Cleverly et al., 66 2013a; Eamus et al., 2013) . Large fluctuations in productivity, evapotranspiration (ET) 67 and ecosystem water-use efficiency (eWUE) across these semiarid regions reflect the very 68 high ecosystem resilience of vegetation (Ponce Campos et al., 2013), which can have large 69 effects on global C relations and consequently drive events such as the land sink anomaly 70 of 2011. 71
Globally, dryland regions (arid, semiarid, and subhumid) cover 41% of the land 72 area (Reynolds et al., 2007) . Within these regions, arid and semiarid environments are 73 characterised by chronic water shortages. Thus, productivity and ET are closely 74 dependent upon the timing, frequency and amount of precipitation (Huxman et al., 2004) , 75 through which plant water availability is mediated by local hydrology (Breshears et al., 76 2009; Loik et al., 2004; Reynolds et al., 2004) . 77
The semiarid regions of Australia cover 70% of the continent (Eamus et al., 2006; 78 Warner, 2004) contrast their behaviour and to establish their respective contributions to regional C, water 87 and energy budgets. 88 Mulga trees range in height (2-10 m) and ground cover (10-70%) ( heat flux, R n is net radiation and G is ground heat flux. Over the same period in the Mulga 156 woodland, the energy balance ratio was 0.89 ± 0.005. The Bowen ratio (H ⁄ LE) was large 157 at both sites: 37.5 (range 0.78-408) in the Mulga woodland and 37.9 (0.23-511) in the 158
Corymbia savanna. 159
Long-term annual average precipitation (1987-2014) at the nearest meteorological 160 station (Territory Grape Farm, 18 km due south of the Corymbia savanna site) is 320.7 161 mm (http://www.bom.gov.au). The monsoon tropics of Australia are defined by the 162 receipt of 85% of annual precipitation during the November-April monsoon season 163 (Bowman et al., 2010) , which places these sites within the monsoon zone on average 164 (Cleverly et al., 2013a) . However, during the first 16 months of this study (August 2012-165 November 2013), very little rain was received and there was consequently negligible 166 grassy understorey, in contrast to the extensive understorey that was present during the 167 land sink anomaly of 2011 . 168 169
Eddy covariance data 170
Eddy covariance analyses of NEP and ET were used as measures of net C uptake 171 and ecosystem water use. In the eddy covariance method, ET is determined from the 172 covariance between vertical wind speed (w) and specific humidity (q): ET = <w′q′> ⁄ ρ w , 173
where < > represents an average in time and the prime operator represents the deviation 174 from a mean: q′ = <q> − q i . Similarly, NEP was taken to be the negative covariance 175 between w and [CO 2 ] (c): NEP = −<w′c′>. By this definition, NEP is positive during C 176 uptake (i.e., photosynthesis, C sink) and negative for net C emissions (C source). The 177 trade-off between C uptake and ET was represented by eWUE, which was calculated as 178 the ratio of NEP and ET. Because of non-linearity at very small values of ET, eWUE was 179 determined only when ET was larger than 0.2 mm d −1 . 180 Both tower sites are part of the OzFlux Network (Cleverly, 2011; Cleverly, 2013) . 2.8.5 and available online (e.g., Cleverly and Isaac, 2015) . Gaps in fluxes were filled 213 using a self-organising linear output (SOLO) that was trained on a self-organising feature 214 map (SOFM) of meteorological (net radiation, air temperature, vapour pressure deficit, 215 specific humidity) and soil measurements (G, soil temperature, soil moisture content at the 216 surface) . SOLO is a statistical artificial neural network (ANN) and 217 was chosen for its resistance to overtraining (Hsu et al., 2002) , ability to simulate fluxes 218 (Abramowitz et al., 2006) , and small RMSE relative to feed forward ANNs (Eamus et al., 219 2013) . 220
In contrast to gaps in the flux measurements, two types of gaps were identified in 221 the meteorological data: those that were due to measurement over-ranging on the 222 datalogger and those that occurred during system maintenance. Over-ranging was 223 identified in the measurement of solar radiation during periods when reflection from a 224 cloud face generated large (> 1200 W m −2 ) radiant fluxes. To avoid underestimation bias 225 in these cases, gaps in 30-minute solar (R s ) and net (R n ) radiation were filled from the 226 measured value in each minute that did not report an over-ranging error (26-29 one-227 minute values). These gaps first occurred during the summer 2012-2013 at the Corymbia 228 savanna site, after which modifications to the datalogger prevented re-occurrence of solar 229 spike gaps. 230
System maintenance gaps were typically 30-300 minutes and did not coincide 231 among sites. Filling of gaps in the meteorological variables that were used as predictors 232 for gap filling of fluxes was performed using several methods: 1) linear interpolation, 2) 233 replacement of measurements from the companion tower, and 3) SOLO-SOFM trained on 234 measurements from the paired tower. Gaps in meteorological measurements were filled 235 using the method that produced the smallest disjunction at gap boundaries. 236 237
Trends in satellite derived enhanced vegetation index (EVI) for the two sites 238
The moderate resolution imaging spectroradiometer (MODIS) enhanced vegetation 239 index (EVI) is sensitive to vegetation "greenness" (i.e., chlorophyll content) and structural 240
properties (e.g., LAI, canopy type, plant physiognomy, canopy architecture) (Huete et al., 241 2002) . Thus, the satellite product MODIS EVI was used in this study to assess structural 242 and functional responses of the vegetation. The MOD13Q1 product was retrieved from 243 the ORNL DAAC depository at a temporal resolution of 16 days and a spatial resolution 244 of 250 m. Values were composited into a single 9 × 9 pixel centred on each tower (2.25 245 km resolution, only pixels that passed QA at 100% were used). The MODIS satellite was 246 launched in 2000, and we present the entire record to provide context for the ecosystem 247 dynamics observed over this two-year study. 248 249
13 C foliar stable isotopes 250
To compare leaf-scale intrinsic WUE (WUE i ) at small spatial scales within the 251 In Corymbia, three leaves from different branches were collected. Each leaf was 260 ground and subsampled to obtain three representative independent values per tree. 261
Likewise, Acacia phyllodes were sampled from three different branches, although several 262 phyllodes were combined from each branch due to their small size. The C isotopic 263 composition was measured using a Picarro G2121-i Analyser for Isotopic CO 2 (Picarro 264 Inc., Santa Clara CA USA). Atropine and acetanilide were used as internal reference 265 standards and calibrated against international measurement standards sucrose (IAEA-CH- In the 2010-2011 hydrological year (August-July), annual rainfall (565 mm) was 288 significantly larger than the long-term average of 320.7 mm (Table 1) . In contrast, annual 289 rainfall was smaller than average in hydrological years 2011-2013 (Table 1) (approximately 8% below the long-term average). Monthly patterns and cumulative 295 annual (August-July) rainfall in the first year of study were almost identical at the two 296 sites (Fig. 1c) . In contrast there was more rain earlier in the second hydrologic year 297 (November 2013-February 2014) at the Corymbia savanna than the Mulga woodland, 298 although annual totals for the two sites did not differ. 299 300
Water fluxes: evapotranspiration 301
Patterns in daily ET were similar across the two-year study at both sites ( Fig. 2a ) 302 and closely followed those observed for rainfall. Daily ET at both sites was negligible 303 during those periods when daily rainfall was zero for more than two weeks (e.g., August 304 2012 and 2013, June 2014). Maximum rates of daily ET from the Corymbia savanna were 305 either equal to or frequently larger (by up to approximately 80%) than those from the 306 Mulga woodland ( Fig. 2a ). Summer total and maximum daily rates of ET were larger in 307 the second summer than in the first at both sites. As with rainfall, 73 and 88% of ET was 308 lost from the Mulga woodland during the first and second monsoon seasons, respectively. 309
Likewise in the Corymbia savanna, 71 and 91% of ET was lost during the respective 310 monsoon seasons. 311
In both hydrologic years (August 2012-July 2014), patterns of cumulative ET 312 were broadly similar at the two sites, but with a consistent difference in the total amount 313 of ET (Fig. 2b) . Moreover, the annual sum of ET was smaller for the Mulga woodland 314 than the Corymbia savanna in both years. The annual total ET for the Corymbia savanna 315 was 96 and 110% of annual rainfall in each year (2012-2013 and 2013-2014, 316 respectively), but in the Mulga woodland the annual sum of ET was approximately 80% 317 of total rainfall in both years (cf. Figs. 1c and 2b) . Immediately following precipitation, 318 there were larger pulses of ET from the Corymbia savanna than from the Mulga woodland 319 (cf. Figs. 1c and 2a ). These short imbalances were more prominent in the second year, 320 when ET was 110% of precipitation in the Corymbia savanna. 321 322
Carbon fluxes: net productivity and water-use efficiency 323
In contrast to the very similar patterns in daily ET at both sites, patterns in daily 324 NEP differed substantially between the two sites ( Fig. 3a) . During the winter and early 325 spring (August-October) of 2012, the Mulga woodland was a small sink (NEP = 0.1 to 0.3 326 g C m −2 d −1 ), but the Corymbia savanna was a moderate source for C (NEP = −0.6 to −0.3 327 g C m −2 d −1 ). This pattern was repeated in the second winter/early spring (June-August 328 2013). The Corymbia savanna remained a moderate-to-strong source (NEP = −1.75 to 329 −0.5 g C m −2 d −1 ) between November 2012 and January 2014, with the exception of a 330 short period during June 2013 when the Corymbia savanna became C neutral (uptake 331 equalled release) (Fig. 3a) . The Corymbia savanna was a sink for C (maximum daily NEP 332 = 1.5 g C m −2 d −1 ) for approximately six weeks in the summer of 2014 (late January to 333 early March). The Mulga was a moderate-to-large C source for the spring and early 334 summer of 2014 and became a moderate sink (maximum NEP = 0.75 g C m −2 d −1 ) in late 335 summer and autumn of 2014 ( Fig. 3a) . 336
During summer in the Corymbia savanna, the pulse of productivity was rapid and 337 large following the largest storm in the two years of study (> 100 mm in January 2014; cf. 338 Figs. 1 and 3a) , and this was due to the dominant cover of C 4 grasses (90%). By contrast 339 in the Mulga woodland, productivity was limited during the summer, acting as a source 340 for several weeks until late summer and early autumn of 2014 ( Fig. 3a) . In contrast, both 341 sites were a C source in January 2013 (Fig. 3a ). During this time, ecosystem respiration at 342 night was similarly small in the Mulga woodland and Corymbia savanna (Fig. 4) . 343
However, during the sunlit hours, NEP diverged between the two sites. By example in 344 January 2013 the Mulga woodland was a net C source. However, in the mornings of 345 January, a positive NEP (C sink, reflecting a stimulation of photosynthetic C uptake 346 through increased solar radiation input) was recorded, followed by a rapid decline from 347 mid-morning through to early evening (Fig. 4) . NEP was negative (C source) prior to 348 sundown. By contrast, NEP was consistently negative in the Corymbia savanna, which 349 was a stronger C source during daylight hours than at night, reflecting the enhanced rates 350 of C emissions that occurred during sunlit hours in the savanna. 351
Cumulative annual NEP in both hydrologic years showed the Corymbia savanna to 352 be a strong source (cumulative NEP = −197 and −131 g C m −2 y −1 for the first and second 353 years, respectively; Fig. 3b ). In contrast, the Mulga woodland was a small source (−26 g 354 C m −2 y −1 ) in the first hydrologic year but a small sink (12 g C m −2 y −1 ) in the second year. 355
It wasn't until the occurrence of a wet summer that the Mulga woodland again became a 356 moderate-to-strong sink (0.9 g C m −2 d −1 ), although annual C uptake was considerably less 357 than that observed in the 2010-2011 anomaly (12 versus 259 g C m −2 y −1 ), reflecting the 358 non-linear response of NEP to total annual rainfall in this system. The trend in cumulative 359 NEP at the two sites diverged in early March 2014, with the Corymbia savanna reverting 360 to a source for the remaining five months of the study and the Mulga continuing as a net 361 sink (Fig. 3b) . 362
In the Corymbia savanna, eWUE was negative (negative because respiratory loss 363 exceeded photosynthetic C gain) for most of the two years of study ( Fig. 5) and was more 364 the ratio of ET to precipitation) vary on longer timescales than the scope of our 461 measurements, in contrast to the intra-annual carry-over of water from the wet season into 462 the cool season observed in North American drylands (Hastings et al., 2005) . In both 463 ecosystems, the increase in evaporative fraction (defined as the ratio of ET to net 464 radiation) from the first to the second summer was the result of higher ET and lower net 465 radiation during the second summer. This difference between summer seasons was the 466 consequence of disparities in the amount and temporal distribution of rainfall. In the 467 second summer, larger storms and fewer sunny days caused VPD to be much smaller, with 468 a consequential reduction in leaf stress. 
Conclusions 535
We have demonstrated that the large 2011 anomaly in terrestrial C uptake was 536 short-lived in the arid zone of central Australia. In the Mulga woodland, storage of soil 537 moisture within the root zone contributed to C neutrality (i.e., C sources were equivalent 538 to sinks) in the subsequent drier-than-average years by facilitating the delayed response of 539 productivity to precipitation. We also demonstrated that productivity in the Mulga 540 woodland was larger than that of the Corymbia savanna in the drier-than-average years of 541 the study and attributed this to the multiple drought tolerant attributes and the larger 542 potential for resource substitution of Acacia compared to Corymbia. Drought tolerance in 543 the Mulga woodland further restricted ET to 80% of precipitation in each year since 2010, 544 indicating that variations in soil moisture storage occur over very long timescales. In 545 contrast, ET from the Corymbia savanna was larger than precipitation in the near-average 546 rainfall year, illustrating that groundwater use by Corymbia occurred opportunistically 547 during wet periods. However, the Corymbia savanna was a strong source of CO 2 in drier-548 than-average and near-average years due to photodegradation of the extensive grassy 549
understorey. Finally, we demonstrated that ecosystem water-use efficiency was larger in 550 the Mulga woodland than in the Corymbia savanna, while differences in leaf/phyllode 551 δ 13 C between Acacia and Corymbia reflected differential access to groundwater and the 552 different rooting characteristics of these two tree species. 553 554 555
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